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surfaces of the part are modeled and parameters for a 
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orientations along which the tool cuts away raw material . A 
maximal set of translations for each tool is also obtained , 
where each translation includes a collision - free orientation 
of the tool and a maximal machinable volume of material 
removable from the part in that orientation . A search engine 
navigates through a hierarchically - structured search space 
that starts at an initial state and transitions to successive 
states based on actions that satisfy a cost constraint function . 
Each state and each action includes a tool , orientation of the 
tool , and a maximal machinable volume . The search ends 
when a goal condition is satisfied . The actions constitute the 
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PLANNING OF COMPUTER NUMERICAL cable . Further , the effort can occupy a large segment of the 
CONTROL ( CNC ) MACHINING process planning stage and will invariably require human 

OPERATIONS WITH THE AID OF A intervention , creativity and experience to sufficiently refine 
DIGITAL COMPUTER proposed process plans before their execution can be vali 

5 dated with digital manufacturing tools . 
FIELD The inverse problem that of defining a process plan for 

manufacturing a part from raw stock through digitally 
This application relates in general to computer - aided automated machining , is likewise ill - posed . Conventional 

process planning and , in particular , to a method for planning solutions for producing process plans for manufacturing 
of computer numerical control ( CNC ) machining operations 10 parts with arbitrary geometric complexity using a selection 
with the aid of a digital computer . of different tools fail to resolve these problems . A process 

plan solution may not exist if the part is non - manufacture 
BACKGROUND able , or multiple feasible process plan solutions may exist if 

the part is manufactureable . The problem space of solutions 
The machining of a part from raw stock or material , such 15 grows as the geometric complexity of the part and the 

as metal , is a form of subtractive manufacturing during selection of available machining tools increase . Further 
which raw material is progressively removed from the part more , process plans are influenced by machine - specific 
until the part reaches an intended shape and size . The parameters , including tool poses or orientations ; layout 
machining generally reduces the raw material to a rough planning , including staging models of the uncut raw material 
form within a specified tolerance ; further manufacturing 20 that remains before a machining operation ; constraints 
processes may be required to smooth , polish , finish , or affected by fixture and tool setup times and costs ; overall 
otherwise transform the part into a final form of completion . manufacturing time ; design tolerances ; and so forth . The 
Machining primarily involves turning , drilling and mill potential solution space can rapidly become intractable as 

ing the raw material into the part desired . The operations the number of machining tools and required directions of 
respectively remove the raw material by rotating the part 25 access to the raw material increase . For instance , process 
against a stationary cutting tool , axially boring holes using planning in a search space having only eight required access 
a rotating bit with a cutting edge on a distal end whilst the directions and five tools has a ramification factor of 40 , 
raw material is held stationary , and cutting away the raw which means that there are 4010 > le16 different process 
material using a rotating bit with cutting edges along the plans of length ten . 
rotating bit's sides and distal end . In drilling and milling , a 30 Conventional solutions to process planning rely on the use 
rotating bit along a longitudinal axis in the Z - dimension . of machining features , which are subsets of solid design 
Milling additionally involves moving the rotating bit along models that are parameterized and annotated with manufac 
a plane in the X- and Y - dimensions . Other kinds of machin turing information . Process planners use the solid models to 
ing operations and tools exist . recognize and extract features ; the extracted features are 

Machining has benefited from the increased integration of 35 mapped to a relevant set of manufacturing processes . Most 
computerization into various stages of the manufacturing feature recognition techniques are restricted to pocket 
process . For instance , a part can first be digitally represented milled , drilled and turned features in which accessibility 
through an electronically - stored model output from a com analysis outlines candidate sets of orientations in which a 
puter - aided design ( CAD ) program . Computer - aided manu part may be machined . When parts can be fabricated by 
facturing ( CAM ) software uses a part's digital model , such 40 independently machining all recognized features , these 
as generated by a CAD program , and a model of the types of process planners can be quite effective . However , 
manufacturing setup to create a set of machining instruc feature - based process planning is unable to scale up to a 
tions . These instructions , following automated post - plan large class of parts , especially when designs consist of 
ning process validation , can be used to program digitally interacting features , machinable regions not classified as 
automated milling machines to manufacture the part from 45 manufacturing features , or regions requiring combinations 
raw materials using computer numerical control ( CNC ) of machining operations in multiple orientations . In these 
machining instructions . cases , when the volume to be machined has to be decom 

Despite the advances in parts design and manufacturing posed into features , the subvolumes may not be manufac 
planning made possible by CAD , CAM and related software tureable , or could be difficult to identify as being manufac 
tools , conventional efforts in these areas still focus primarily 50 tureable ; moreover , alternate decompositions of a solid 
on automating the validation of human - generated manufac model into features could yield different and inconsistent 
turing process plans in an effort to better support efficient results , which can complicate and confuse process planning . 
integration between product lifecycle management and Therefore , a need remains for an approach to creating and 
physical shop floor production . In general , these software implementing process plans for manufacturing machining 
tools provide virtual environments that facilitate the mod- 55 operations that accommodate machine - specific and staging eling , planning , simulation , and analysis of manufacturing model - specific parameters and manufacturing cost con 
processes post facto , as supported by algorithms for path straints while efficiently scaling as part design complexity 
planning , collision detection , cycle time calculations , layout increases . 
modeling and resource allocation , and validating user - driven 
inputs , ranging from a single operation to an entire manu- 60 SUMMARY 
facturing program . 

Several problems remain in the task of validating manu A Web - based system and method creates one or more 
facturing process plans that define a sequence of machining qualitatively distinct process plans for machining a part . The 
instructions , such as expressible by a CNC program , to surfaces of the part are modeled and parameters for a 
produce parts from raw stock . First , depending upon a part's 65 plurality of CNC machining tools are obtained , including the 
complexity , attempting the task manually and without auto orientations along which the tool cuts away raw material . A 
mation may be time - consuming , expensive and impracti maximal set of translations for each tool is also obtained , 
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where each translation includes a collision - free orientation FIG . 2 is a functional block diagram showing a system for 
of the tool and a maximal machinable volume of material planning of CNC machining operations with the aid of a 
removable from the part in that orientation . A search engine digital computer in accordance with one embodiment . 
navigates through a hierarchically - structured search space FIG . 3 is a diagram showing , by way of example , vis 
that starts at an initial state and transitions to successive 5 ibility from the vantage point of a tool . 
states based on actions that satisfy a cost constraint function . FIGS . 4-9 are diagrams showing , by way of examples , 
Each state and each action includes a tool , orientation of the sweep calculations using heightmaps . 
tool , and a maximal machinable volume . The search ends FIGS . 10 and 11 are diagrams showing , by way of 
when a goal condition is satisfied . The actions constitute the examples , two searches that respectively represent different 
process plan . 10 valid process plans starting from the same initial state and 
One embodiment provides a system and method for ending at the goal condition . 

FIG . 12 is a diagram showing , by way of example , a planning of CNC machining operations with the aid of a search tree . digital computer . A computer that includes a processor , 
memory and storage is provided with a geometric model of DETAILED DESCRIPTION 
a part to be machined . The geometric model defines the 
surfaces of the part . The computer is also provided with Traditionally , product design and manufacture within an parameters for a plurality of CNC machining tools . The organization are operated as closely - related , yet functionally 
parameters for each tool includes a plurality of orientations separate spheres of activity . The design of a product is 
at which the tool is able to longitudinally traverse a rotating 20 treated as a discrete output from a design department . Thus , 
cutting edge . The computer is further provided with a product conception and design usually occur first , followed 
maximal set of translations for each of the tools . Each by product realization and manufacture . If a product design 
translation includes of the orientations of the tool where is deemed manufactureable , process plans for manufacturing 
the tool's orientation will avoid collisions between the are synthesized and validated between the conclusion of 
rotating cutting edge and the surfaces of the part and a 25 product design and commencement of product manufactur 
maximal sub - volume of material removable from the part by ing . 
the tool in the tool's orientation for the translation . A set of Conventional approaches to synthesizing manufacturing 
states is represented in the computer . Each state identifies process plans strive to better integrate product lifecycle 
one of the tools , one of the orientations of the tool , and management and physical shop floor production , while 
describing a negative volume of the part , with one of the 30 inadvertently underscoring the distinctions between design 

and manufacture . FIG . 1 is a functional block diagram states representing an initial state . A set of actions is also 
represented in the computer . Each action identifies one of the showing , by way of example , a prior art system 10 for 

validation of human - generated manufacturing process plans . tools , one of the orientations of the tool , and describing the Although manufacturability is usually evaluated following 
maximal sub - volume of material removable from the nega- 35 initial design during a subsequent stage in the product 
tive volume of the part in one of the states by the tool in the lifecycle , a product design may nevertheless have to be tool's orientation . A search engine repetitively transitions , iterated between a design department 11 and a manufactur 
starting at the initial state , from one of the states to another ing department 12 until the designed part has ultimately 
of the states by choosing one of the actions as guided by a been determined to be manufactureable . This back - and - forth 
heuristic that is based on aggregate cost and the negative 40 cycling between part design and manufacturing occurs as a 
volume that remains after subtracting the maximal sub natural outgrowth of the business activities responsible for 
volume for the action chosen . A process plan is formed and their respective execution . 
includes each of the actions chosen when the negative The part design and manufacturing iterations required to 
volume that remains is minimal . The tool is programmed perform validation of human - generated manufacturing pro 
with the process plan downloaded by the computer and 45 cess plans can be particularly time - consuming and expen 
includes machining operations by the tool based on the sive . Each iteration chews up valuable time that can destroy 
process plan . Finally , the tool is operated per the machining market lead or innovative advantage , which in turn can 
operations in the downloaded process plans by machining result in decreased sales and lowered revenue . Moreover , 
off the part the maximal sub - volumes through traversals of despite the investment of time and money in validating 
the rotating cutting edge over the surfaces of the part . 50 human - generated manufacturing process plans , the vali 

Still other embodiments of the present invention will dated plans may not neces cessarily be qualitatively optimal , 
become readily apparent to those skilled in the art from the especially in an organization where the resources or time to 
following detailed description , wherein is described embodi devise and validate innumerable and feasible manufacturing 
ments of the invention by way of illustrating the best mode process plans are limited or unavailable . 
contemplated for carrying out the invention . As will be 55 Manufacturability analysis , during which a part is found 
realized , the invention is capable of other and different to either be manufactureable or not , and manufacturing 
embodiments and its several details are capable of modifi process planning are complex problems that rely on 
cations in various obvious respects , all without departing advanced geometric reasoning at the part level . Manufac 
from the spirit and the scope of the present invention . turing process planning , though , is an inverse problem to 
Accordingly , the drawings and detailed description are to be 60 manufacturability analysis , where multiple feasible solu 
regarded as illustrative in nature and not as restrictive . tions to machining a part could exist if the part is deemed to 

be manufactureable . FIG . 2 is a functional block diagram 
BRIEF DESCRIPTION OF THE DRAWINGS showing a system 20 for planning of CNC machining 

operations with the aid of a digital computer 27 in accor 
FIG . 1 is a functional block diagram showing , by way of 65 dance with one embodiment . A Web - based service 23 gen 

example , a prior art system for validation of human - gener erates and visualizes several qualitatively distinct fabrica 
ated manufacturing process plans . tion plans , which can be sent to a tool path planner to 
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generate CNC machining instructions . A machining tool 29 problems . Here , denotes the Minkowski sum and T - 1 
can then be programmed with the machining instructions represents the scaling of all coordinates in T by -1 . 
and operated to machine the surfaces of the part . The set of actions 32 include the maximal sub - volume 

A program 21 is provided to users through a centralized that is machinable from raw stock for a particular tool 29 in 
server 22. Access is provided via the Web using wired or a given orientation . Each staging model , which is the 
wireless connections . The centralized server 22 can be remaining uncut metal of a part under manufacture before a 
remotely accessed over a wide area public data communi machining operation , is typically re - fixtured in several ori 
cations network , such as the Internet , or locally accessed entations to enable the cutting tool 29 to machine the entire 
over a local area network . Users interface with the server 22 part surface . Standard accessibility analysis techniques are 

10 used to determine the orientations to be used in the program through a Web browser 28 executing on a personal computer 21. Given a pair ( S , P ) , where S represents a fixtured raw 27 or similar device . In a further embodiment , the central 
ized server 22 can also remotely access one or more machin stock or a staging model and P represents the part to be 

manufactured , let T represent the tool 29 that is selected to ing tools 29 over the wide area public data communications machine P from S. 
network or via a dedicated connection . A maximal machinable volume represents the largest The server 22 is operatively coupled to a storage device subset of S that may be removed by T without interfering 24 which stores models of parts 25 represented using with P. To simplify exposition , consider the problem of 
conventional geometric model representations , such as fea determining the maximal machinable volume from a sta 
tures , slices , polygons , voxels , or other volumetric units , and tionary stock using a translating tool 29. This situation is 
a library of machining tools 26. Both the server 22 and 20 manifested in practice , for example , when three - axis milling 
personal computer 27 include components conventionally machines are used to cut metal from fixtured stock . The 
found in general purpose programmable computing devices , configuration space of the unconstrained tool 29 is R 3 . 
such as a central processing unit , memory , input / output For the part P to be manufacturable , S is placed within the 
ports , network interfaces , and non - volatile storage , although set of positions that a reference point on the tool T can reach 
other components are possible . In addition , other computa- 25 in a given orientation . The maximal filter of feasible trans 
tional components are possible . formations applicable to the tool 29 to avoid cutting into P 

The program 21 implements a search engine that executes is the complement of the configuration space obstacle , 
a spatial planning tool that generates machining plans with expressed as : 
stable fixtures to fabricate complex geometries , as further F = ( PØT - 1 ) ( 1 ) described infra . Briefly , the program 21 navigates through a 30 
search space containing a set of states 31 that is structured Equation ( 1 ) outlines the largest subset of R 3 that is 
in a hierarchy . Starting at an initial state , the program 21 applicable to the tool 29 in the chosen orientation . However , 
successively transitions to another state in the hierarchy by in practice , machining is limited by the workspace available , 
selecting a suitable action from a set of actions 32. The or the set of positions and orientations achievable by the tool 
search engine as guided in choice of action by a heuristic , 35 29. In a situation involving a fixed orientation , only the set 
such as a cost constraint for minimizing manufacturing time of all reachable positions or the reachable workspace of the 
and cost . The search continues to iteratively transition to tool 29 are of concern . Denoting the reachable workspace as 
further states until a goal condition is realized . R , the maximal set KCR 3 of translations applicable to to 

The tool 29 is revised as : program 21 accesses a library of machining tools 26 
with specifications for each operable tool 29 , and the pro- 40 K = FnR ( 2 ) 
gram 21 connects the available capability of each tool 29 to where K is the maximal filter representing all translations the uploaded geometric model of each part 25 to provide applicable to the tool T without interfering with the part P. qualitatively distinct process plans , represented in the form The dilation ( K , T ) represents the sweep of the tool 29 by of a JSON ( “ JavaScript Object Notation ” ) file or similar the maximal filter within the workspace without interfering 
structured encoding or human - readable format , with detailed 45 with P. The maximal volume machinable from the raw stock 
feedback for each individual plan . ( or a staging model ) S is given by : The program 21 uses geometric reasoning algorithms with 

= 8 ( K , T ) NS ( 3 ) tooling information from the library 26 to construct the 
search space using maximal machinable volumes from the Assume that a tool T moves according to transformations 
part stock for each tool orientation , such as described in 50 in a filter W , called the workspace , which is a full - dimen 
commonly assigned U.S. Pat . No. 9,292,626 , issued Mar. sional subset of SE ( 3 ) . The reachable workspace R is the 
22 , 2016 , the disclosure of which is incorporated by refer projection of W into R3 and represents all of the positions 
ence . Preliminarily , collision - free rigid motions of the that can be achieved by some orientation of the tool T. 
machining tools 29 are defined and computed in a configu The positions and orientations achievable by the tool T 
ration space SE ( 3 ) of rigid motions . Subsets of SE ( 3 ) are 55 during its motion are described in terms of the location of a 
termed filters . Two important operations are used to relate coordinate frame attached to the tool T Assuming this frame 
solids and filters : is initially aligned with a global reference frame with respect 

Dilation , or sweep , of a solid X by a filter M is defined to which transformations are described . The filter W also 
as 8 ( M , X ) = UMEM Xm where Xm represents the solid describes the positions and orientations of the tool 29 with 
X transformed by a rigid transformation m . 60 respect to the absolute frame of reference . The origin of each 

Configuration space obstacle S T of solids S , T is the frame is the reference point of T and indicates the special 
filter consisting of all transformations of the moving point of contact between the tool T and the stock which will 
solid T that cause collision with the stationary solid S. be used to outline the allowable spatial locations of the tool 
Every h & S & T is said to be feasible . When the moving T for manufacturability . 
solid T is translating in a fixed orientation , the filter S 65 The maximal volume that is machinable from a raw stock 

T = SOT - 1 is the translational configuration space by a rotating and translating T is formulated by extending 
obstacle of S and T , seen in robot motion planning Equations ( 1 ) and ( 2 ) to SE ( 3 ) . Computations in SE ( 3 ) can 
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be broken down into smaller three - dimensional computa diagrams showing , by way of examples , sweep calculations 
tions owing to the product structure of SE ( 3 ) = R 3 X SO ( 3 ) , using heightmaps . For a tool with thickness , the height map 
where SO ( 3 ) represents the group of spatial rotations . In of the part is an upper bound on the possible collision - free 
practice , the maximal filter applicable to T to avoid cutting translation . By moving away from the part , an infinitely long 
into P can be expressed as : 5 undercut free tool can only transition from a colliding to a 

F - U , ESO3 ( Pºr , - ) non - colliding state . Therefore , the maximum collision - free ( 4 ) translation of the tool along z can be determined by starting 
Equation ( 4 ) suggests that to compute all ( six - dimen at the visible surface of the part , determined by the z - buffer 

sional ) non - colliding tool motions , the tool 29 must be algorithm , and translating away from the part by the maxi 
rotated according to orientations r in the workspace and 10 mum penetration depth , which is respectively depicted with 
Equation ( 2 ) must be repeatedly computed to accumulate reference to FIGS . 4-9 . 
three - dimensional maximal machinable volumes . After computing the maximum feasible translation of the 

In high - axis machining , available machine tool orienta tool 29 for every ( x , y ) , which implements Equation ( 2 ) , the 
tions are typically provided per axis . In addition to having heightmap is dilated by the heightmap of the tool 29 to get 
three translational motions , five - axis machines have rota- 15 the heightmap of the sweep of the tool 29 , that is , the 
tional degrees of freedom about two - axes of rotation . If heightmap Ry ( x , y ) of the removal volume . By ignoring 
rotations about the available axes are denoted 0 and O rotation about the tool's spin axis due to axisymmetry , or 
the subset of SO ( 3 ) for which Equation ( 4 ) needs to be when the tool 29 is represented by its rotational sweep about 
computed is given by 0 = U $ € 0,000 ( 0 ) U ( 0 : 0 ) owing to the the spin axis , a degree of freedom is removed and the height 
non - commutativity of spatial rotation composition . Here · 20 map can be implemented in two dimensions using standard 
represents composition of rotations , for example , by matrix image processing algorithms . The maximal machinable vol 
or quaternion multiplication . ume is the set of all points ( x , y , z ) , where zsRz ( x , y ) . 
Minkowski sum , dilation , and configuration space Therefore , a three - dimensional representation of the maxi 

obstacle calculation operations form a large body of research mal machinable volume , per Equation ( 3 ) , can be obtained 
in solid modeling due to their applications in spatial plan- 25 using image calculations . Note that while z - buffer algo 
ning . In general , boundary representations of these shapes rithms have been used to compute rasterized tool paths after 
are harder to compute than lower level representations , such process planning , the representation of maximal machinable 
as sampled point sets . Using implicit representations of volume is used as the input to a search algorithm that rapidly 
shapes on sampled regular grids can provide a unified evaluates process plans that may be then fed to a tool path 
framework in which to use the properties of convolutions , 30 planning algorithm . 
Fourier transforms , and other signal and image processing Generating a valid process plan can be cast as a planning 
algorithms to implement these operations . In the general problem that can be solved using a variant of the weighted 
case where no assumptions are made on part and tool A * search algorithm . The search finds a sequence of actions 
geometry , these algorithms can be efficiently applied to from a set of available actions A , called the plan . The search 
compute maximal machinable volumes by directly imple- 35 starts from a known initial state I and repetitively transitions 
menting Equations ( 3 ) and ( 4 ) . to successive states by choosing one of the available actions 

An algorithm to compute Equation ( 1 ) when T is a until reaching a state where a goal condition G ( s ) is met . At 
translating axisymmetric milling tool 29 that does not pos each transition , the choice of action is constrained by a cost 
sess undercut features when viewed along its spin axis will function G ( a , s ) that describes the cost of executing a par 
now be described . Many cutting tools , such as end mills and 40 ticular action a in a particular state s . FIGS . 10 and 11 are 
ball mills , are built without such undercut features , so the diagrams showing , by way of examples , two searches 40 , 50 
special case has significant practical value . Furthermore , the that respectively represent different valid process plans 
described implementation of the algorithm exploits dimen starting from the same initial state and ending at the goal 
sional reduction that results in faster performance in practice condition . Referring first to FIG . 10 , in the first search 40 , 
when compared to full - dimensional computations . 45 raw stock represents the initial state 41. An action that 

Consider a feasible translation of an oriented undercut results in the raw stock being reoriented 90 ° about the y - axis 
free tool T. At every point VEIT , there exists a uEP , such is selected , which results in a succeeding state 42 in which 
that the vector v - u is parallel to the spin axis and the a staging model represents the part after the selected action's 
segment àv + ( 1-2 ) , NE [ 0,1 ] is entirely in PC . FIG . 3 is a maximal machinable volume 43 has been removed . A fur 
diagram showing , by way of example , visibility 43 from the 50 ther action that results in the staging model once again being 
vantage point of a tool 42. When in the position on the left , reoriented 90 ° about the y - axis is selected , which results in 
every such u on the surface of the part 41 is said to be visible a succeeding state 44 in which a staging model represents 
from the tool 42. When in the position on the right , those the part after the further selected action's maximal machin 
positions on the surface of the part 41 that are not visible able volume 45 has been removed . Finally , a final action that 
from the tool 42 are termed 1 € [ 0,1 ] . 55 results in the staging model being reoriented 90 ° about the 

The distance between v and u can be computed using X - axis is selected , which results in a final state 46 in which 
height maps . The value of the height map at a point q on a a staging model represents the finished part after the final 
plane with normal parallel to the spin axis is the distance selected action's maximal machinable volume 47 has been 
from q to the point pE?P visible from q . In one embodiment , removed . Referring next to FIG . 11 , in the second search 50 , 
height maps can be implemented using standard z - buffer 60 raw stock represents the initial state 51. An action that 
hidden surface removal with orthographic projection , where results in the raw stock being reoriented 180 ° about the 
the height map is computed on the camera plane located at x - axis is selected , which results in a succeeding state 52 in 
infinity . which a staging model represents the part after the selected 
An infinitesimally - thin tool can be represented as a ray , in action's maximal machinable volume 53 has been removed . 

which case the height map of the part represents the maxi- 65 A further action that results in the staging model once again 
mum collision - free translation along the tool spin axis for being reoriented 180 ° about the x - axis is selected , which 
every point ( x , y ) on the camera plane . FIGS . 4-9 are results in a succeeding state 54 in which a staging model 
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represents the part after the further selected action's maxi or staging model . In a further embodiment , a pure greedy 
mal machinable volume 55 has been removed . Finally , a search can be run before running the variant of weighted A * 
final action that results in the staging model being reoriented search to establish an upper bound on the cost of the best 
90 ° about the x - axis is selected , which results in a final state plan . The greedy search is extremely fast , for instance , on 
56 in which a staging model represents the finished part after 5 the order of 0.1 seconds for a representation of removal 
the final selected action's maximal machinable volume 57 volumes in grids with 2002 voxels , and the result can be used 
has been removed . In this example , two qualitatively distinct as a bound for branch - and - bound searches to prune candi 
fabrication plans have been found and can be sent to a tool date plans whose aggregate cost plus heuristic value already 
path planner to evaluate and ultimately generate CNC exceed the bound . Combining these measures allows pro 
machining instructions . 10 cess plans to be computed in usually less than 60 seconds for 

A state S is a tuple ( V , 1,0 ) , where V is a volume realistic 3 - axis machined parts . Note that in comparison to 
describing the remaining material to be removed , T is the feature - based approaches , where Boolean operations must 
current tool ( or I to indicate that no tool is being held by the be performed on boundary representations , the foregoing 
machine currently ) , and O is the current rotation applied to approach Boolean operations are reduced to operations on 
the tool with respect to the volume . The volume V , in the 15 binary sets , which can be computed quickly . 
initial state I is the negative of the part S with respect to its Fixture planning is a largely experience - driven activity 
bounding box , T = 1 , and O = 0º , 0 ° ) . that focuses on determining precise workpiece clamping 

An action is a tuple ( V , 1,0 ) , where V is the volume according to process constraints , such as collision avoidance 
corresponding to Equation ( 3 ) , that is , the maximal sub with the moving tool , accessibility to specific locations , 
volume of the initial removal volume that can be removed 20 tolerances , and so on . Fixture planning is a key part of 
using the tool T in orientation 0. The effects of an action are machining process planning , and offers significant scope for 
described by the transition function t ( s , a ) that , given a state automation . Automatic workpiece holding using modular 
s and an action a returns the successor state , s ' . The transition fixtures and vises will now be discussed with an emphasis on 
function t ( s , a ) can be expressed as : collision avoidance with moving tools . In particular , algo 

25 rithms to compute maximal machinable volumes may be ( ( Vsts , es ) , ( 7.7.0 ) = V5 \ V Tc . ) ( 5 ) applied with some modifications to compute vise fixtures . 
A selected action removes from the remaining volume V Automatically generating modular fixtures is described in 

of the volume V , that the tool T , in the selected action can commonly - assigned U.S. Pat . No. 9,235,658 , issued Jan. 12 , 
reach in its given orientation 0g . Note that the successor state 2016 , the disclosure of which is incorporated by reference . 
s ' assumes the tool T , and orientation 0 , of the action a . As 30 The salient points of automatic modular fixture configu 
a result , an action can imply a reorientation of the tool holder ration relevant to process planning will briefly be described . 
relative to the part , or , equivalently , a part orientation Assuming a polyhedral representation of staging models and 
relative to the tool holder . This implicit change is taken into the maximal machinable volume , the principles of force and 
account by the cost function G ( a , s ) , which recognizes that form closure can be applied to assert that seven points on the 
reorienting the part requires the expenditure of time , denoted 35 boundary of the part , outside the machinable volume , are 
te ( 0,0 ) , because an additional setup will be required . necessary and sufficient to grasp the staging model , such that 
Similarly , if the tool does not have an automatic tool the staging model remains immobile under external forces 
changer , then a tool change will also be required and will and moments . Essentially , unit forces applied to sample 
incur an additional time - cost , tz ( T?T . ) . The cost function locations on the part boundary have an associated moment 
can be expressed as : 40 about the part centroid , and the six - tuple of the force and 

moment components defines a point or a wrench in a CvIs.es ) . ( V.1.0 ) ) ( VV.7 . ) + 7 ( 7.7 . ) + six - dimensional wrench space . Form closure is equivalent to te ( 0,0 ) ( 6 ) the condition that the 6x7 wrench matrix , whose columns 
where t- ( V , T ) is a function that estimates the time required are sampled wrenches , has a null space with purely positive 
to remove the volume V using tool T. The goal condition 45 coefficients . 
G ( s ) is met when the remaining volume is minimal or not When friction between clamps and the part surface is 
substantial , that is , G ( ( VT ) ) = V . considered , four points are sufficient to guarantee form 

In practice , the search space for process planning prob closure . Tangent forces due to Coulomb friction may be used 
lems is too large to search exhaustively . Only eight required to generate null spaces with positive coefficients . The coef 
access directions and five tools implies a ramification factor 50 ficients of the wrench matrix may be thought of as scaling 
of 40 , which means there are 4010 > 1e16 different plans of factors applied to clamping forces , which are always 
length 10. The process planning problem is solved using a bounded in practice . Therefore , under operating conditions , 
variant of weighted A * search using the remaining volume a form closure can be restricted to force closure , which 
to construct a heuristic function that can effectively guide the bounds the total forces and moments that the fixtured part 
search . Additionally , the search space is pruned by imposing 55 can withstand . 
an upper limit on the size of the open - set ( or search frontier ) The chosen form / force closure configuration is then 
to 1,000 , although other upper limits could be used . FIG . 12 mapped to a catalog of modular fixtures , including several 
is a diagram showing , by way of example , a search tree . types of clamps , such as edge clamps , strap clamps , side 
Searching begins at an initial state 60 , which forms the root clamps , and so on , and locator pins to choose the proper 
node of the tree . The upper limit at the search frontier 61 60 arrangement of clamps to avoid tool collisions . Modular 
pares down the search space . At first , the search will branch fixtures offer the significant advantage of reconfigurability , 
out quickly , but subsequently becomes greedy and only but are often more expensive , labor - wise , for a shop to 
considers the best successor , that is , the most cost effective , assemble compared to solutions using vises . In practice , vise 
action to transition from each state until the goal condition fixturing is more popular because of setup convenience , but 
62 is met . In practice , this approach produces near - optimal 65 only provides force closure , which is usually sufficient for 
plans because the heuristic is good at estimating the actual practical situations . A pair of parallel plates are mated 
cost of removing the remaining material from the raw part against flat surfaces on the part and stock and positioned to 
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maximize the frictional clamping forces , while ensuring that states to another of the states until a goal condition 
the cutting tool will not collide with any part of the vise . is met by choosing one of the actions as guided by 
Given an orientation for the vise relative to the part , the vise a heuristic that is based on an aggregate cost 
jaws are treated like undercut free tools , so that z - buffer associated with the chosen actions and the nega 
algorithms , as discussed supra , can be used with the addition 5 tive volume that remains after subtracting the 
of a counter to record the number of surface points of the maximal sub - volume for the action chosen ; 
vise that are coincident with the surface of the part . a process planner configured to form a process plan 

The orientation of the vise relative to the part can be comprising each of the actions chosen when the nega chosen based on many criteria ; in one embodiment , the vise tive volume that remains is minimal ; base is assumed to lie on a plane orthogonal to the tool 10 a programming module configured to program at least one access direction , and test orientations are chosen from the of the CNC machining tools with the process plan surface normals of the part , which are parallel to the base downloaded and comprising machining operations by plane . Heuristics , such as surface area , can be used to 
greedily sort the test orientations . Furthermore , the fact that the CNC machining tool based on the process plan ; and 
a vise jaw is flat and , generally , large relative to the part 15 the at least one CNC machining tool configured to operate 
enables significant optimizations over checking of all sur per the machining operations in the downloaded pro 
face points of the vise against all corresponding surface cess plans by machining off the part the maximal 
points of the part . To guarantee collision avoidance with the sub - volumes through traversals of the rotating cutting 
cutting tool , z - buffer maximum depth and overlap count edge over the surfaces of the part . 
from the perspective of both vise jaws and on both the part 20 2. A system according to claim 1 , wherein the initial state 
and the removal volume are determined . The ( X , Y ) trans is defined as comprising none of the CNC machining tools , 
lation , and corresponding vise opening , with the largest no orientations of any of the CNC machining tools , and 
overlap with the part and zero overlap with the removal describing a negative volume of the part prior to any 
volume is selected . machining by any of the CNC machining tools . 

While the invention has been particularly shown and 25 3. A system according to claim 1 , wherein the aggregate 
described as referenced to the embodiments thereof , those cost is based on a cost constraint and the cost constraint is 
skilled in the art will understand that the foregoing and other expressed as a function of the time to remove from the part 
changes in form and detail may be made therein without the maximal sub - volume of material removable for the 
departing from the spirit and scope of the invention . action chosen . 
What is claimed : 4. A system according to claim 3 , wherein the cost 
1. A system for planning of computer numerical control constraint is adjusted as a function of the time taken to 

( CNC ) machining operations with the aid of a digital com change from the CNC machining tool for the one state to the 
puter , comprising : CNC machining tool for the action chosen . 

a storage device , comprising : 5. A system according to claim 4 , wherein the cost 
a geometric model of a part to be machined , the 35 constraint is adjusted as a function of the time taken to 

geometric model defining surfaces of the part ; change the orientation of the CNC machining tool for the 
parameters for a plurality of CNC machining tools , the one state to the orientation of the CNC machining tool for 

parameters for each CNC machining tool comprising the action chosen . 
a plurality of orientations at which the CNC machin 6. A system according to claim 5 , wherein the cost 
ing tool is able to longitudinally traverse a rotating 40 constraint C is determined in accordance with the equation : 
cutting edge ; and 

a maximal set of translations for each of the CNC CV515,05 ) . ( v 1,0 . ) ) = t , VNV 1 . ) + 77,73 ) + 
( 09,0s ) machining tools , each translation comprising one of 

the orientations of the CNC machining tool where where Vs is the negative volume of the part in state S , TS 
the CNC machining tool's orientation will avoid 45 is the CNC machining tool in state S , Os is the orien 
collisions between the rotating cutting edge and the tation of the CNC machining tool in state S , V , is the 
surfaces of the part and a maximal sub - volume of maximal sub - volume of material removable for action 
material removable from the part by the CNC a , T , is the CNC machining tool for action a , 0 , is the 
machining tool in the CNC machining tool's orien orientation of the CNC machining tool for action a , 
tation for the translation ; and t- ( VT ) is the time to remove from the part the maximal 

a processor and memory within which code for execution sub - volume of material removable for the action cho 
by the processor is stored , further comprising : sen , tz ( Ta Ts ) is the time taken to change from the 
a search engine , comprising : CNC machining tool for the one state to the CNC 

a set of states , each state identifying one of the CNC machining tool for the action chosen , and to ( 0,05 ) is 
machining tools , one of the orientations of the 55 the time taken to change the orientation of the CNC 
CNC machining tool , and each of the states machining tool for the one state to the orientation of the 
describing a negative volume of the part , with one CNC machining tool for the action chosen . 
of the states representing an initial state ; 7. A system according to claim 1 , wherein an upper limit 

a set of actions , each action identifying one of the is imposed on a size of a search frontier comprised of the set 
CNC machining tools , one of the orientations of 60 of other states transitionable from the one state based on the 
the CNC machining tool , and each of the actions set of actions . 
describing the maximal sub - volume of material 8. A system according to claim 1 , further comprising : 
removable from the negative volume of the part in a greedy search module configured to set an upper bound 
one of the states by the CNC machining tool in the based on a pure greedy search through the set of states 
CNC machining tool's orientation ; and and to prune transitions from the one state those actions 

a transition module configured to repetitively tran comprising a cost constraint that exceed the upper 
sition , starting at the initial state , from one of the bound . 
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9. A system according to claim 1 , the search engine further defining in the computer the initial state as comprising 
comprising : none of the CNC machining tools , no orientations of 

a multiple plan generator configured to perform the repeti any of the CNC machining tools , and describing a 
tive transitioning for a plurality of process plans and to negative volume of the part prior to any machining by 
provide a subset of the plurality of process plans as any of the CNC machining tools . 
qualitatively distinct . 14. A method according to claim 12 , wherein the aggre 

10. A system according to claim 1 , wherein at least one of gate cost is based on a cost constraint , further comprising the 
the negative volume of the part and the maximal sub - volume 
of material removable are selected from the group compris expressing in the computer the cost constraint as a func 
ing features , slices , polygons , and voxels . tion of the time to remove from the part the maximal 

sub - volume of material removable for the action cho 11. A system according to claim 1 , wherein the repetitive 
transitioning is expressed as a weighted A * search . 15. A method according to claim 14 , further comprising 12. A method for planning of computer numerical control the step of : ( CNC ) machining operations with the aid of a digital com adjusting in the computer the cost constraint as a function puter , comprising the steps of : of the time taken to change from the CNC machining 

providing a computer comprising a processor , memory tool for the one state to the CNC machining tool for the 
and storage with a geometric model of a part to be action chosen . 
machined , the geometric model defining surfaces of the 16. A method according to claim 15 , further comprising 
part ; 20 the step of : 

providing the computer with parameters for a plurality of adjusting in the computer the cost constraint as a function 
CNC machining tools , the parameters for each CNC of the time taken to change the orientation of the CNC 
machining tool comprising a plurality of orientations at machining tool for the one state to the orientation of the 
which the CNC machining tool is able to longitudinally CNC machining tool for the action chosen . 
traverse a rotating cutting edge ; 17. A method according to claim 16 , further comprising 

providing the computer with a maximal set of translations the step of : 
for each of the CNC machining tools , each translation determining the cost constraint C in accordance with the 
comprising one of the orientations of the CNC machin equation : 
ing tool where the CNC machining tool's orientation 
will avoid collisions between the rotating cutting edge 30 c ( { V515,05 ) , ( V 120x ) = tyVsn VaTa } + t7 ( 7 „ Ts ) + te 

( 0.05 ) and the surfaces of the part and a maximal sub - volume 
of material removable from the part by the CNC where Vs is the negative volume of the part in state S , TS 
machining tool in the CNC machining tool's orienta is the CNC machining tool in state S , Os is the orien 
tion for the translation ; tation of the CNC machining tool in state S , V , is the 

representing in the computer a set of states , each state 35 maximal sub - volume of material removable for action 
identifying one of the CNC machining tools , one of the a , Ta is the CNC machining tool for action a , 0 , is the 
orientations of the CNC machining tool , and each of the orientation of the CNC machining tool for action a , 
states describing a negative volume of the part , with t- ( V , T ) is the time to remove from the part the maximal 
one of the states representing an initial state ; sub - volume of material removable for the action cho 

representing in the computer a set of actions , each action 40 sen , tz ( T? Ts ) is the time taken to change from the 
identifying one of the CNC machining tools , one of the CNC machining tool for the one state to the CNC 
orientations of the CNC machining tool , and each of the machining tool for the action chosen , and to ( 0,0s ) is 
actions describing the maximal sub - volume of material the time taken to change the orientation of the CNC 
removable from the negative volume of the part in one machining tool for the one state to the orientation of the 
of the states by the CNC machining tool in the CNC 45 CNC machining tool for the action chosen . 
machining tool's orientation ; 18. A method according to claim 12 , further comprising 

repetitively transitioning , starting at the initial state , by the step of : 
the computer from one of the states to another of the imposing in the computer an upper limit on a size of a 
states until a goal condition is met by choosing one of search frontier comprised of the set of other states 
the actions as guided by a heuristic that is based on an 50 transitionable from the one state based on the set of 
aggregate cost associated with the chosen actions and actions . 
the negative volume that remains after subtracting the 19. A method according to claim 12 , further comprising 
maximal sub - volume for the action chosen ; the steps of : 

forming by the computer a process plan comprising each setting in the computer an upper bound based on a pure 
of the actions chosen when the negative volume that 55 greedy search through the set of states ; and 
remains is minimal ; pruning transitions from the one state those actions com 

programming at least one of the CNC machining tools prising a cost constraint that exceed the upper bound . 
with the process plan downloaded by the computer and 20. A method according to claim 12 , further comprising 
comprising machining operations by the CNC machin the steps of : 
ing tool based on the process plan ; and performing in the computer the repetitive transitioning for 

performing by the at least one CNC machining tool the a plurality of process plans , and 
machining operations in the downloaded process plans providing in the computer a subset of the plurality of 
by machining off the part the maximal sub - volumes process plans as qualitatively distinct . 
through traversals of the rotating cutting edge over the 21. A method according to claim 12 , wherein at least one 
surfaces of the part . 65 of the negative volume of the part and the maximal sub 

13. A method according to claim 12 , further comprising volume of material removable are selected from the group 
the steps of : comprising features , slices , polygons , and voxels . 

60 
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22. A method according to claim 12 , further comprising 

the steps of : 
expressing in the computer the repetitive transitioning as 

a weighted A * search . 
23. A non - transitory computer readable storage medium 5 

storing code for executing on a computer system to perform 
the method according to claim 12 . 

* 


